1. Introduction {#sec1}
===============

Rapidly spreading Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) infections are responsible for the COVID-19 pandemic \[[@bib1]\]. The first COVID-19 case was reported in Wuhan in December 2019, the devastating disease quickly spread out across China and many other countries around the globe to eventually turn into a pandemic. SARS-CoV-2 is a single-stranded positive-sense RNA β-coronavirus of the *coronaviridae* family of viruses. The SARS-CoV-2 genome shares a significant sequence similarity with SARS-CoV, the virus responsible for the 2003 viral outbreak, which comparatively had a much higher lethal rate of 10% \[[@bib2]\].

SARS-CoV-2 genomic RNA is translated into two long polypeptides (pp1a/pp1ab), auto-proteolytically processed into 16 non-structural proteins (NSPs), forming the replicase/transcriptase complex (RTC). PP1a codes for 12 NSPs (1--12) including papain-like protease/PLpro domain (NSP3), 3C-like protease (NSP5) and RNA-dependent RNA polymerase/RdRp (NSP12). PP1ab codes for 4 NSPs (13--16), including helicase (NSP13), 3′-to-5′ exoribonuclease (NSP14), followed by structural proteins and downstream ORFs, namely Surface glycoprotein (or Spike), ORF3a, ORF3b, Envelope (E), Membrane (M), ORF6, ORF7a, ORF7b, ORF8, N protein (N), ORF9 and ORF10 \[[@bib3]\].

Many coronavirus proteins, including S and M proteins, undergo post-translational modifications (PTMs) necessary for virus receptor binding and replication \[[@bib4]\]. The S protein binds to the host cell receptor angiotensin-converting enzyme 2 (ACE2) which mediates its entry and fusion into the host cells \[[@bib5]\]. The virus S protein is composed of two functional subunits, namely S1 and S2. The S1 subunit contains the receptor binding domain (RBD), and S2 subunit is responsible for receptor binding and fusion of the virus and cellular membrane. The subunits are cleaved by host proteases like transmembrane protease serine 2 (TMPRSS2) and Cathepsin L \[[@bib6],[@bib7]\].

The S protein is extensively glycosylated and its binding sites have been reported to serve as an alternative receptor or as an enhancer of the ACE2-mediated infections \[[@bib4]\]. Thus, it acts as an important factor to determine the host range and tropism. Hence, the knowledge of different types of S protein PTMs such as O-linked glycosylations, N-linked glycosylations and 3CL-like proteinase cleavage sites have important consequences for development of any therapies targeting the protein.

The virus sequence mutation rate is one of the most fundamental aspects of its evolution in response to selective pressures, which is governed by multiple processes such as polymerase fidelity, 3′ exonuclease activity and post-replicative repair, amongst others \[[@bib8], [@bib9]\]. Clues from the sequence analysis of the evolving virus genomes in a pandemic have important implications for both strategic planning in the prevention, disease progression and development of vaccines and therapeutic antibodies, even while pandemic is in progression \[[@bib10]\].

Owing to the globally alarming COVID-19 outbreak, worldwide efforts are on to mitigate the rapidly spreading viral infection. Bioinformatics aided analysis can enhance these efforts by providing valuable insights into the changes in the evolving virus strains. In the present study, we comprehensively analysed the SARS-CoV-2 genomes from different geographical locations, and identified the crucial factors involved in host-pathogen interactions. Based on the comparative genome analysis, we focused our integrated analysis on different aspects of the evolving SARS-CoV-2, such as mutation analysis and its impact on protein function and stability, identification of host-miRNA targets, host gene expression in response to the viral infections, prediction of antiviral peptides, and correlating it with the literature. The results of the analysis led to a plethora of information regarding the mechanisms involved in evolution and pathogenesis of the virus, which have implications for the COVID-19 related research.

2. Materials and methods {#sec2}
========================

2.1. Retrieval of SARS-CoV-2 genome data {#sec2.1}
----------------------------------------

High coverage, complete SARS-CoV-2 genome sequences (10,213 in number), and corresponding metadata were retrieved from the GISAID database, submitted till 15th April 2020 \[[@bib11]\]. The SARS-CoV (NC_004718.3) and MERS (KC164505.2) genomes were downloaded from the NCBI genome database and compared with SARS-CoV-2 (NC_045512.2; Wuhan), taken as a reference for the analysis. Gene annotations and protein sequences of the selected SARS-CoV-2 genome were retrieved from the ViPR database \[[@bib12]\].

2.2. Genotyping analysis and impact of mutations {#sec2.2}
------------------------------------------------

The downloaded SARS-CoV-2 genomes were subjected to mutation analysis using Genome Detective Coronavirus Subtyping Tool (version 1.1.3) \[[@bib13]\]. In order to remove redundancy, the genome nucleotide sequences that share 99% similarity with the reference genome were excluded from further analysis. To get a consensus prediction of the impact of mutations on protein stability, we employed two machine learning (ML) algorithms, namely I-MUTANT \[[@bib14]\] and MuPro \[[@bib15]\], using default parameters. Apart from prediction of effect of the identified mutations, we also analysed the effect of previously reported variations in the S protein sequences of the genomes \[[@bib16]\].

2.3. Host antiviral miRNAs and its predicted targets {#sec2.3}
----------------------------------------------------

To identify conserved host antiviral miRNAs targeting SARS-CoV-2 genomes, we performed miRNA target predictions. We downloaded a complete list of all the available experimentally validated mature human miRNAs (2654) from the miRBase \[[@bib17]\] (Release 22.1), and surveyed the literature to identify experimentally validated human antiviral miRNAs amongst the miRNAs. From the literature survey, we were able to identify 42 miRNAs reported to have antiviral activities against different viruses. These miRNAs were used to identify potential miRNA target sites in the virus genome sequences, using miRanda (3.3 a version) \[[@bib18]\], with an energy threshold of -20 kcal/mol, a threshold used in other studies too \[[@bib19]\]. We predicted targets of the miRNAs in SARS-CoV (NC_004718.3), MERS (NC_019843.3), and SARS-CoV-2 isolate from Wuhan (NC_045512.2).

2.4. The prediction of post-translational modifications (PTMs) and antiviral peptides {#sec2.4}
-------------------------------------------------------------------------------------

We predicted O and N-linked glycosylation sites in S protein using NetOglyc 4.0 \[[@bib20]\] and NetNGly1.0 \[[@bib21]\], respectively. Putative 3C-like proteinase sites in SARS-CoV-2 proteins were predicted using the NetCorona1.0 prediction method \[[@bib22]\], using default parameters. Palmitoylation of conserved cysteine residues in S protein were predicted using CSS-Palm 2.0 \[[@bib23]\]. AVPpred \[[@bib24]\] was used for the prediction of antiviral peptides.

2.5. Host gene expression analysis {#sec2.5}
----------------------------------

The gene expression of the host factors previously reported to play a important role in coronavirus infections (ACE2, Cathepsin, *TMPRSS11D, IFITM, STAT* and few others) \[[@bib25]\] were analysed in the SARS-CoV (GSE17400) and SARS-CoV-2 (GSE147507) gene expression datasets downloaded from the NCBI GEO database. The expression levels of selected genes were further examined and compared to get additional insights into similarities or dissimilarities in the host defence mechanisms in SARS-CoV and SARS-CoV-2 infections.

3. Results {#sec3}
==========

3.1. Mutational analysis {#sec3.1}
------------------------

Genome mapping analysis revealed that the reference SARS-CoV-2 genome is highly identical to the SARS-CoV genome sequence, at nucleotide as well as protein levels, with 79.57% and 83.36% identities, respectively. The 17% variation in the amino acid level corresponds to mutations in various viral proteins, including the S protein, E, M and NSP of SARS-CoV-2. Wherein, we observed 27, 24 and 17 deletions in ORF1ab, S protein and ORF8.

We observed that the mutations are non-uniformly distributed in all the SARS-CoV-2 proteins as some proteins show a higher number of variations, while others have just one mutation which is not surprising as the virus is evolving, maximum numbers of mutations were observed in SARS-CoV-2 isolates from the USA (n = 1839), China (n = 1511) and Europe (n = 1092) while relatively few mutations were observed in the sequences from Vietnam (n = 56), Japan (n = 78), Australia (n = 103). The high frequency variations that were found to occur maximally in the genomes include L3606F and P4715L (ORF1ab), P323L (RdRp), L37F (NSP6), D614G (S protein), G251V (ORF3a) and L84S (ORF8). Intriguingly, it is observed that few co-mutations such as P323L in RdRp are prevalent and restricted to the countries which are leading in spread and mortality of the infection (including the USA, Spain, Italy, and Germany).

From the entropy calculations, available from GISAID metadata, maximum entropy is observed at the amino-acid position 614 of S, 3606 of ORF1ab, with entropy values of 0.662 and 0.417, respectively.

3.2. Impact of the mutations on protein stability {#sec3.2}
-------------------------------------------------

MuPro and I-Mutant servers predict a decrease in the protein stability due to the mutations in S proteins, except P4715L (ORF1ab), P323L (RdRp) ([Table1](#tbl1){ref-type="table"} ). Out of all the S protein mutations, L455Y, F486L, Q493N, in the receptor binding domain (RBD:319--541), Q493N, S494D, N501T in the receptor binding motif (RBM: 437--508), and D614G are present in S1 subunit ([Figure 1](#fig1){ref-type="fig"} A). These findings are in concordance with the previous findings, which suggest S1 to be the highly variable region as compared to the S2 subunit. The mutation D614G was conserved among various countries and was found to be located in S1, in a linking region between S1 and S2.Table 1Predicted effects on the protein stability due to the mutations in the spike glycoproteins in various SARS-CoV-2 genomes, using various prediction methods.Table 1MutationsQuery GenomeProteinI-MutantMUproStudyL455YSARS-CoVS proteinDecrease-2.34Reported[∗](#tbl1fnlowast){ref-type="table-fn"}F486LSARS-CoVS proteinDecrease-0.68Reported[∗](#tbl1fnlowast){ref-type="table-fn"}Q493NSARS-CoVS proteinDecrease-0.55Reported[∗](#tbl1fnlowast){ref-type="table-fn"}N501TSARS-CoVS proteinDecrease-1.52Reported[∗](#tbl1fnlowast){ref-type="table-fn"}S494DSARS-CoVS proteinDecrease-0.20Reported[∗](#tbl1fnlowast){ref-type="table-fn"}D614GSARS-CoV-2S proteinDecrease-1.48Present studyL3606FSARS-CoV-2ORF 1abDecrease-1.29Present studyP4715LSARS-CoV-2ORF 1abIncrease0.60Present studyP323LSARS-CoV-2RdRpIncrease0.60Present studyL37FSARS-CoV-2NSP6Decrease-1.29Present studyL84SSARS-CoV-2ORF 8Decrease-1.084Present studyG251VSARS-CoV-2ORF3aDecrease-0.45Present study[^1]Figure 1Schematic domain representation of spike glycoprotein A. Spike glycoprotein mutations B. PTMs identified in the Spike glycoproteins.Figure 1

3.3. The S protein post-translational modifications (PTMs) {#sec3.3}
----------------------------------------------------------

Another important process common in different coronaviruses is the S protein post translational modifications, in which the protein is post-translationally glycosylated \[[@bib26]\]. In order to predict the presence and the distribution of PTMs in SARS-CoV-2, we used several prediction methods. The predictions reveal 27 and 23 N-linked glycosylation sites in the S proteins of SARS-CoV-2 and SARS-CoV, respectively. Among the predicted 27 N-linked glycosylations in SARS-CoV-2 S protein, 18 are unique to SARS-CoV-2, whereas 9 are conserved with respect to the SARS-CoV S protein ([Figure 1](#fig1){ref-type="fig"}B). Recently, 7 out of the predicted 27 N-linked glycosylation sites in SARS-CoV-2 have been experimentally confirmed by mass spectrometry \[[@bib27]\]. We also identified 2 putative O-linked glycosylation sites unique to SARS-CoV-2, in the S1 domain of S protein along with a conserved polybasic site \[[@bib16]\]. The conserved cysteine residues in the cytosolic tail of S protein are modified by palmitoylation in SARS-CoV. From the sequence analysis, we predict 9 conserved cysteine residues to undergo palmitoylation that are located in the cytoplasmic domain (1238--1273) of SARS-CoV-2 S protein ([Figure 1](#fig1){ref-type="fig"}B). Also, a potential and conserved 3CL proteinase cleavage site TGRLQˆSLQTY is present at the position 1002 in the S protein.

3.4. The prediction of antiviral peptides {#sec3.4}
-----------------------------------------

AVPpred \[[@bib24]\] Antiviral peptides prediction method predicts a peptide KWPWYIWLGFIAGLI to bind S protein with a very high prediction score of 0.98. No antiviral peptides were predicted against N protein and ORF7a. However, NSP7 and NSP10 have a common predicted antiviral peptide VNCLDDRCILHCANF.

3.5. The prediction of antiviral host miRNAs {#sec3.5}
--------------------------------------------

Several host miRNAs are known to activate different defence mechanisms during viral infections \[[@bib28]\]. Herein, we predicted the host miRNAs which potentially play a role in the host and the virus interactions by directly targeting the virus genes. We also speculate the impact of mutations identified in SARS-CoV-2 genomes upon miRNA interactions. The analysis of miRNA target predictions revealed that 221, 366 and 186 human miRNAs target SARS-CoV, MERS and SARS-CoV-2 (NC_045512.2) genes, respectively ([Figure 2](#fig2){ref-type="fig"} A). We also found 42 conserved antiviral miRNAs predicted to have targets in all the SARS-CoV-2 genomes, irrespective of their geographical location and mutations. These putative antiviral miRNAs are predicted to have target sites specific to NSPs, ORF1ab, ORF8, N protein, 5′UTR and S protein in SARS-CoV-2 ([Figure 2](#fig2){ref-type="fig"}B). Interestingly, the maximum number of miRNAs target ORF1ab and S protein genes, two amino acids each of protein products of the genes are found to have maximum entropy change from the mutational analysis (Section [3.1](#sec3.1){ref-type="sec"}). This shows that despite the higher mutation frequencies in the two genes, the miRNAs targets are conserved, and may be serving as a natural antiviral host-defence mechanism. For instance, hsa-miR-138-5p, hsa-miR-622, hsa-miR-761, miR-A3r have 4 targets each, and hsa-miR-15b-5p, hsa-miR-18a-5p, miR-A2r, miR-B1r have 3 targets each in the SARS CoV-2 genomes. Interestingly, 6 out of these 8 miRNAs are found to target S protein besides other genes, and 7 have 2 or more targets on ORF1ab gene. 12 out of 42 putative antiviral miRNAs have 2 targets each while others have a single target in SARS-CoV-2. We also identified 3 miRNAs, namely, miR-125a, miR-198 and miR-23b, which have been reported to play a crucial antiviral role in respiratory diseases \[[@bib28]\].Figure 2miRNA target identification A. Venn diagram showing host-miRNA targets identified in the 3 genomes. B. host-miRNA target network in SARS-CoV-2 protein showing maximum number of miRNAs targeting ORF1ab, followed by spike glycoprotein and nucleocapsid protein.Figure 2

3.6. Gene expression analysis {#sec3.6}
-----------------------------

Since SARS-CoV-2 shows considerable similarities with SARS-CoV in terms of genotype and phenotype/pathogenesis, we investigated and correlated the host gene expression in SARS-CoV. To understand and compare the changes in gene expression of human genes identified to be induced in the two viral infections, (i.e. *IFTIM*, Cathespins, *STAT*, *IFN-B*, *DNM2*, *GSK3* and others) a comparison of gene expression profiles using publicly available microarray datasets GSE17400 (SARS-CoV) and GSE147507 (SARS-CoV-2) was performed. There were a smaller number of genes found to be differentially expressed in SARS-CoV-2 with respect to SARS-CoV, at 24 h-post infection.

Interestingly, we observed interferon beta (*IFN--B*), upregulated in SARS-CoV infection, is not differentially expressed in the A549 cell line as well as NHBE treated with SARS-CoV-2, 24hrs post infection. Further, *IFITM3* and *STAT1* are upregulated in SARS-CoV-2 infection and not found to be the case in SARS-CoV, which is an important modulation of the host factors for facilitation of the virus entry and activation of MAPK pathways \[[@bib25]\]. Other host factors such as ACE2 and TMPRSIID remained undetected in both SARS-CoV and SARS-CoV-2, 24 h post infection. The data analysis of SARS-CoV-2 data sets shows unique transcription profiles as compared to other viruses with less expression of interferons and other cytokines, 24 h post infection \[[@bib29]\]. However, we observed that cathepsin B and cathepsin H are downregulated in SARS-CoV and SARS-CoV-2 (NHBE cells).

4. Discussion {#sec4}
=============

The identification of genome variation of SARS-CoV-2 and its consequences to its interaction with host factors is crucial for investigating the virus pathogenesis, transmissibility, evolution, designing antiviral therapies, and novel treatment \[[@bib9]\]. The maximum number of mutations is observed in SARS-CoV-2 isolates from the USA, Germany and China while relatively few mutations observed in Taiwan, Vietnam, Japan, Australia, Brazil and Hong Kong. The proteins in the descending order of numbers of variations are ORF1ab, NSP3, S protein, N protein, ORF3a, helicase and RdRp, whereas other, including ORF7, ORF10 and E showed very little divergence. The present study findings are in concordance with previous studies reporting ORF1ab as the most variable protein among coronaviruses \[[@bib30]\]. NSP3 showed many variations present in different domains which were country specific and had no overlaps. Considering multi-functionality of the NSP3 and the higher frequency of mutations observed, it is speculated that the NSP3 variations may confer important effects on the SARS-CoV-2 pathogenicity. Another important virus enzyme, RdRp (Nsp12), is central to the replication, evolvement and adaptation of coronaviruses \[[@bib30],[@bib31],[@bib32]\]. Additionally, Coronaviruses encode a 3′-to-5′ exoribonuclease activity (ExoN) in NSP14 required for replication fidelity and proofreading, lower efficiency of the enzyme can lead to a 15--20 fold increase in the virus mutation rates \[[@bib33],[@bib34]\]. This finding has therapeutic implications as it has been shown that coupling nucleoside analog (NA) which targets RdRp with ExoN inhibitors may be a better treatment option reducing viral escape potential \[[@bib35]\].

Due to most important interactions in viral pathogenesis \[[@bib36]\], S protein serves as one of the main targets for development of antibodies, entry inhibitors, prophylactic vaccines in coronaviruses \[[@bib37],[@bib38]\]. S1 RBD not only mediates receptor binding and virus entry, but also contains major neutralizing epitopes \[[@bib38], [@bib39], [@bib40]\]. Further, the S2 domain has heptad repeat 1 and 2 (HR1 and HR2) which tend to form a coiled-coil structure entwined in an antiparallel manner \[[@bib41],[@bib42]\]. From the present study, we identified that all the mutations lie in the S1 domain while the S2 domain is conserved, suggesting S1 to be the highly variable as compared to the S2 subunit.

PTMs, including glycosylation and proteolytic cleavage, forms an inevitable process in virus pathogenesis \[[@bib26]\]. Glycosylation helps spike glycans to mask the protein surface which helps the virus to restrain access to neutralizing antibodies consequently disturbing the humoral immunity. RNA encoded polyproteins are cleaved by proteinases like 3CL pro that cleaves single viral polyprotein in eleven sites in coronavirus \[[@bib43],[@bib44]\]. In the present study, we predicted the possible 3CL proteinase cleavage site along with the putative glycosylation sites having implications for the viral life cycle and pathogenicity, which were absent in SARS-CoV and may be given due consideration while designing a unique druggable site for SARS-CoV-2. Intriguingly, the N501T mutation, at N-glycosylation site, may affect the SARS-CoV-2 ACE2 binding.

During viral infection, host miRNAs are involved in various signaling pathways, modulation of host-virus interactions, regulation of viral infectivity, transmission and activation of antiviral immune responses \[[@bib45]\]. From the host-miRNA target prediction analysis, we identified 42 conserved miRNAs with targets in SARS-CoV-2 genome. Interestingly, these miRNAs are found to target ORF1ab and S protein genes which have maximum entropy change identified from the mutational analysis. Out of these miRNAs, 12 are artificial miRNAs known to efficiently inhibit HIV-1 replication, without any off-targets \[[@bib46]\]. Even though, there are genomic differences between HIV and SARS-CoV-2, and hence, it can\'t be claimed that antiviral mechanism of these miRNAs will be definitely same in SARS-CoV-2. Simply put, prima facie the 12 artificial miRNAs are predicted to have targets in the SARS-CoV-2 genome is an interesting observation, which may be confirmed by experiments. Based on the assertion that these complementary miRNAs are without off-targets, it may be speculated that these can be explored to develop miRNA or RNAi based therapeutics against SARS-CoV-2 infection.

The gene expression analysis of SARS-CoV-2 showed unique transcription profiles at 24 h-post infection, as compared to SARS-CoV. At 24 h, in SARS-CoV-2, no expression of interferons, cytokines, ACE2 and TMPRSIID were identified while *IFITM3* was significantly expressed. The increased *IFITM3* expression suggests that SARS-CoV-2 uses human IFITM3 during virus entry, facilitating viral infection, and may play a role in pathogenesis \[[@bib47],[@bib48]\].

Summarily, this study uses integrative data analysis to explore some of the crucial factors involved in host-pathogen interactions, which strongly correlates with the existing literature on related viruses. The novel antiviral miRNAs and antiviral peptides identified in the study can be explored for the development of novel antivirals for COVID-19.
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